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Abstract 
The safety study of a CO2 storage site requires the evaluation of the sustainable injection pressure. The faults are generally 
considered as one of the potential leakage paths as a fault zone could be more permeable than the neighbouring rock matrix. The 
pressure build up in the reservoir due to the injection procedure changes the stress field within the reservoir and its surrounding 
rocks. The decrease of effective stress in the vicinity of a fault, due to this pore pressure increase, may lead to fault failure, 
increasing its permeability or even creating induced seismicity. The aim of this study is to carry out large-scale 2D coupled 
hydromechanical simulations of the fault behaviour during and after the injection and to study the sensibility of the fault response 
regarding to some parameters. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
From a practical point of view, the safety study of a CO2 storage site consists, among others, in the evaluation of 
the sustainable injection pressure. Gas injection modifies the reservoir pressure and decreases the effective stress 
field (soil mechanics convention) in the reservoir and the cap rock formations, which may lead toward the failure of 
faults embedded in the reservoir, increasing permeability of the fault zone or even creating induced seismicity. One 
simple way of evaluating the risk of fault reactivation is to model the effective stress field in the reservoir, to 
compute shear and normal stresses of a cohesionless fault in function of the fault dip and to compare them to a fault 
reactivation criterion (e.g. [1; 2; 3]). However, this approach does not allow taking into account the effects of the 
presence of the fault on the stress field in the surrounding rock matrix. Moreover, the permeability contrast between 
a faulted zone and the neighbouring rock matrix is generally high. If the faulted zone runs across the reservoir and 
the cap rock, it may create a preference leakage path leading to the contamination by the CO2 of the aquifers located 
above the cap rock. A more accurate fault modelling is then required. An approach using continuum stress-strain 
analysis or discrete fault analysis has been developed for instance by [4]. 
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The objective of the present work is to describe more accurately a single fault running across the reservoir and to 
model its hydromechanical behaviour by a specific model implemented within the finite elements code Gefdyn [5; 
6]. As a first order approximation, a fault is modelled as a thin layer of filling material different from the 
neighbouring rock matrix, surrounded on both sides by a series of hydromechanical joint elements. The 
hydromechanical response of the fault depends on the permeability of the filling material: with a low permeability 
(e.g. as low as that of the cap rock), the fault behaves as a hydraulic seal; with a high permeability (e.g. as high as 
that of the reservoir), the fault behaves as a hydraulic conduct. Furthermore, the joint elements allow modelling the 
slip or the opening of the fault due to effective stress change during gas injection operation and storage period. The 
joint elements approach consists in using a consistent formulation of flow in deformable rock masses through a 
variational formulation, as the rock deformations and the fluid are fully coupled. 
Two effects of CO2 injection on the hydromechanical behaviour of the fault are then observed. First, the fluid 
flow at the boundary between the cap rock and an upper aquifer is observed at the level of the fault. Second, the 
Mohr-Coulomb failure criterion is considered to characterize fault failure possibility. A quick sensibility analysis is 
then carried out to determine which parameters have the most influence on the fault response. Finally, the evolution 
of the fluid flow when the injection pressure and the permeability of the filling material vary and the occurrence of 
fault failure when the injection pressure and the fault friction angle or the initial stress state vary, are studied. 
2. Reference scenario 
A set of large-scale two-dimensional coupled hydromechanical calculations is performed to demonstrate the 
developed model capacities. Considering that the affected fault is located at a reasonable distance from the injection 
well, the CO2 injection is modelled as a pore pressure increase within the reservoir. The stocking process is 
simulated in two steps. First, an increasing pore pressure is imposed along a vertical line running across the 
reservoir, simulating the injection well during the injection period. The fluid pressure imposed at the injection well 
level is equal to the hydrostatic pressure at the beginning of the simulation and then varies linearly to a maximum 
value. Second, the system is set free and the fluid flow along the reservoir and across the fault is observed. This 
corresponds to the storage period.   
To illustrate this simulation procedure, we have applied it to a representative potential site based on the Dogger 
aquifer of the Paris basin [7; 8]. The Paris basin is a multilayered system, which consists of several layers of 
permeable brine-water formations (denoted “aquifers”) separated by less permeable formations. In order to simplify 
the geological model [3], all layers are assumed horizontal. A total number of five aquifer layers have been taken 
into account, namely (from the soil surface): the chalk aquifer of the Upper Cretaceous geological unit, the 
sandstone aquifer of the Albian geological unit, the carbonate aquifer of the Lower Cretaceous geological unit, the 
carbonate aquifer of the Oxfordian and Kimmeridgian geological units and the target carbonate aquifer of the 
Dogger geological unit. The tertiary formations have not been taken into account. Clay and shale layers of low 
permeability interlace these formations (denoted “aquitard”). The depth and thickness of each layer are based on the 
mean values, which can be found in the Paris basin [8]. A schematic view of the model is given in Figure 1 and the 
soil layers are described in Table 1. 
 
 
 
 
 
 
 
Figure 1: Schematic view of the Paris basin model 
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The hydraulic and mechanical properties of the various materials are described in Table 1. Hydraulic properties 
are determined based on previous works [7 - 16]. Rock bulk density is set to 2500 kg.m-3 for all the soil layers and 
an at-rest lateral earth pressure of 0.75 is chosen [17]. 
The geological model used is represented as a rectangle of 3000 m depth and 24000 m width. It is crossed in its 
middle by a fault of ~63° dip. The fault runs across the Dogger reservoir, the cap rock and the lower carbonate 
aquifer and its extremities are located at 1400 and 1800 m depth respectively (Figure 1). The injection well is 
located in the Dogger reservoir (between 1550 and 1700 m depth). 1100 meters separate the fault from the injection 
point. On the left, right and lower boundaries, a null normal displacement is imposed. On the left and right 
boundaries, we impose a hydrostatic pressure.  
 
Table 1: Thicknesses and hydromechanical properties of the Paris basin soil layers. 
Layer name Thickness 
(m) 
Depth 
(m) 
Young modulus 
(GPa) 
Poisson ratio Porosity 
(%) 
Permeability 
(m.s-1) 
Chalk aquifer 500 500 5 0.3 30 9.81 10-9 
Clay formation 60 560 6.65 0.285 5 9.81 10-12 
Sandstone aquifer 100 660 10 0.3 25 4.905 10-4 
Clay formation 200 860 6.65 0.285 5 9.81 10-12 
Upper carbonate aquifer 150 1010 15 0.3 15 9.81 10-7 
Clay formation 150 1160 6.65 0.285 5 9.81 10-12 
Lower carbonate aquifer 300 1460 20 0.3 15 9.81 10-7 
Cap rock 90 1550 6.65 0.285 5 4.905 10-13 
Dogger aquifer (low permeability) 80 1630 24 0.29 15 8.829 10-7 
Dogger aquifer (high permeability) 40 1670 24 0.29 15 6.916 10-6 
Dogger aquifer (low permeability) 30 1700 24 0.29 15 8.829 10-7 
Lower Dogger 150 1850 42 0.29 10 9.81 10-9 
Clay formation 1150 3000 6.65 0.285 5 9.81 10-12 
 
A specific fault model is considered. It consists of a double set of joint elements filled by a porous material. The 
filling material will allow the fault to behave as a hydraulic conduct or seal, depending of the lower or higher 
material permeability. This material layer is surrounded on each side by two series of joint elements [18], which will 
allow simulating a slip or an opening of the fault (Figure 2). The hydraulic and mechanical parameters of the joint 
elements are described in Table 2. 
 
 
 
 
 
 
 
Figure 2: Schematic view of the fault model 
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Table 2: Joint elements parameters 
Parameter Value 
Normal stiffness 100 GPa/m 
Tangential stiffness 10 GPa/m 
Initial opening 10-3 m 
Minimal opening 10-4 m 
« Permeability (kf) » 6.916 m-1.s-1 
Cohesion 0 Pa 
Friction angle 30° 
 
The fluid flow in the fracture follows a square law that can be defined by: 
 
( )pgradKu frwt −=∂  where gekK ff ρ122=                                                                                        (1) 
 
where turw is the velocity of the fluid relative to the solid, p, the fluid pressure, kf the fault permeability, e the 
opening of the fracture, , the bulk fluid density and g, the gravity. 
Four scenarios are studied: (1) the filling material permeability is equal to the cap rock permeability; (2) the 
filling material permeability is ten times lower than the cap rock permeability; (3) the filling material permeability is 
equal to the reservoir permeability and (4) the filling material permeability is ten times higher than the reservoir 
permeability. In the first two cases, the fault behaves like a hydraulic seal. In the two last ones, the fault behaves as a 
hydraulic conduct. The Young modulus of the filling material is equal to 6.65 GPa; its Poisson ratio is equal to 
0.285 and its porosity is equal to 5 %. The considered time step is 5 105 seconds (around 5.79 days). The injection 
duration is 500 time steps (around 7.93 years). At the end of the injection, the imposed fluid pressure at the well 
level is equal to 1.5 times the initial pressure. The fault behaviour evolution after the end of the injection during 500 
time steps is also observed. 
We observe the evolution of the fluid flow in the fracture at the interface between the cap rock and the lower 
carbonate aquifer in function of the time (Figure 3). The pressure increase at the well level increases the pressure 
gradient and consequently the flow along the fault, leading to a fluid rising from the reservoir to the aquifer above 
the cap rock. A connection thus can be made between the target reservoir and an upper aquifer, inducing its 
contamination. We note that, when the filling material permeability is close to the reservoir permeability, the flow at 
the interface between the cap rock and the lower carbonate aquifer is very important. The fault behaves actually as a 
conduct. When the filling material permeability is close to the cap rock permeability, the flow is much lower. The 
fault behaves as a hydraulic seal. 
 
 
 
 
 
 
 
Figure 3: Evolution of fault fluid flow for four different filling material permeability values 
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The increase of effective stress due to the increase of fluid pressure can lead to a slip rupture. The risk of fault 
reactivation is evaluated with the Mohr-Coulomb failure criterion [19]: 
 
' ' tan 0T N cσ σ ϕ+ − >                                                                                                                                    (2) 
where ’T and ’N are shear and normal stresses, , the friction angle and c, the cohesion of the joint element. As we 
are studying the fault reactivation risk, we suppose the cohesion is null. A friction angle equal to 30° is considered. 
It can be noticed that the Mohr-Coulomb failure criterion is not reached for any of the four scenarios. There is no 
fault reactivation due to the CO2 injection for the set of parameters taken in the reference scenario. 
3. Sensibility analysis 
To study the sensibility of the fault response regarding to the different hydromechanical parameters of the model, 
a reference test case is defined, and then each parameter is tested individually. A range of variation for each 
parameter is considered and two computations are then carried out: a first one with the minimum value this 
parameter can take and a second one with the maximum value. 
The parameters chosen for the sensibility analysis are the hydromechanical parameters (Young modulus, Poisson 
ratio, porosity and permeability) of the layers surrounding the fault (lower carbonate aquifer, cap rock, low 
permeable Dogger, high permeable Dogger, lower Dogger and fault filling material), the initial stress state (at-rest 
lateral earth pressure), rock density, and the hydromechanical parameters of the joint elements (normal and 
tangential stiffness, cohesion, friction angle, permeability, initial opening, minimal opening). For the Young 
modulus, Poisson ratio and porosity of the material layers, the maximum and minimum values are respectively 1.5 
and 0.5 times the reference value given in Table 1. As the permeability values are less accurately known, we assume 
a maximum value of 10 times the reference value and a minimum one of 0.1 times the reference value for this 
parameter. The uncertainty regarding the other model parameters is more important, thus a wider range of value is 
tested. The maximum, minimum and reference values of these parameters are given in Table 3. 
 
Table 3: Maximum and minimum values of model parameters used in the sensibility analysis 
Parameters Reference value Minimum value Maximum value 
Young modulus (GPa) 20 5 35 
Poisson ratio 0.3 0.15 0.45 
Porosity (%) 10 2.5 17.5 
Filling material 
Permeability (m.s-1) 9.81 10-9 4.905 10-14 6.916 10-5 
At-rest lateral earth pressure 0.75 0.6 1.2 Stress state 
Bulk density (kg.m-3) 2500 2200 2800 
Normal stiffness (GPa/m) 100 10 1000 
Tangential stiffness (GPa/m) 10 1 100 
Cohesion (Pa) 0 0 106 
Friction angle (°) 30 10 60 
Permeability (m-1.s-1) 9.81 10-3 4.905 10-8 69.16 
Initial opening (m) 10-3 10-4 10-2 
Joint elements parameters 
Minimal opening (m) 10-4 10-4 10-2 
 
The flow and the Mohr-Coulomb failure criterion (cf. Eq. 2) at the level of the interface between the reservoir 
and the cap rock on the fault side nearest from the injection well are investigated. Figure 4 presents the flow 
variation along the fault at the end of the injection (left) and 500 time steps after the end of the injection (right) for 
the following parameters: filling material permeability (Km), high permeable Dogger permeability (Kd), fault 
permeability (Kf), joint elements initial opening (e). The triangles correspond to the minimum tested value, the 
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squares to the maximum value and the circles to the reference value. We observe that the main influence on the flow 
comes from the filling material permeability. However, the reservoir permeability (high permeable Dogger) and the 
permeability and initial opening of joint elements have also a non neglectable effect, while the remaining parameters 
have little effect. 
 
 
 
 
 
 
 
Figure 4: Comparison of parameters effect on the flow 
Figure 5 presents the Mohr-Coulomb criterion variation at the end of injection (left) and 500 time steps after the 
end of injection (right) for the following parameters: rock density (rho), at-rest lateral earth pressure (K0), friction 
angle (phi), normal stiffness (K). On this figure, we see that the friction angle and the lateral stress ratio have a 
preponderant influence on the failure criterion. The rock density and the normal stiffness have also an important 
effect, while the other parameters seem to be of less influence. 
 
 
 
 
 
 
Figure 5: Comparison of parameters effect on the Mohr-Coulomb failure criterion 
4. Further sensibility analysis 
The evolution of the flow along the fault at the interface between the cap rock and the lower carbonate aquifer is 
studied while the maximum injection pressure and the parameter having the main influence on the flow (i.e. the 
filling material permeability) vary. The maximum injection pressure varies between 1 and 2 times the initial 
pressure. The filling material permeability varies between 4.905 10-14 m/s (10 times less than the cap rock 
permeability) and 6.916 10-5 m/s (10 times more than the reservoir permeability). 
In the following section, we investigate the flow value (q) along the fault at the interface between the cap rock 
and the lower carbonate aquifer against the maximum vs. initial pressure ratio (Rp) and the filling material 
permeability (k) at the end of the injection period, as well as 500 time steps after the end of the injection. A least-
squares linear regression allows us to verify that the logarithm of the flow varies linearly against Rp and the 
logarithm of k: 
 
( ) ( )kRq P loglog 210 βββ ++=                                                                                                                   (3) 
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The values of the regression coefficients i (i = 0, 1, 2) are given in Table 4. The quality of the linear regression is 
evaluated by cross validation [20]. This method consists in removing a couple of data from the initial data set, doing 
again the regression with the new data set and estimating the value of the removed couple of data with the regression 
formula then obtained. This operation is done with all couples of data of the initial data set. The quality of the 
regression is then evaluated with the determination coefficient R2. Regression coefficient R² is close to one for both 
cases. The linear regression models thus correctly the flow along the fault. 
 
Table 4: Linear regression coefficients 
Model variable 0 1 2 R2 
Flow at the end of the injection -0.815 0.836 0.993 0.995 
Flow 500 time steps after the end of the injection -0.222 0.065 0.993 1.000 
 
The evolution of the Mohr-Coulomb failure criterion is then studied while the maximum injection pressure and 
the parameter which has the more influence on the failure criterion (i.e. the joint elements friction angle) vary. The 
maximum injection pressure varies between 1 and 2 times the initial pressure. The friction angle varies between 10° 
and 40°. The permeability of fault filling material is supposed to be equal to the reservoir permeability. We check 
then if the Mohr-Coulomb failure criterion is reached or not during the injection or after the injection.  
A failure is observed only for a friction angle of 10° and a maximum injection pressure higher than 1.5 times the 
initial pressure. We note that when the joint elements friction angle becomes low and the ratio between maximum 
and initial injection pressure increases, the risk of a failure increases following the Mohr-Coulomb criterion. 
Finally, the failure possibility is studied while the maximum injection pressure and another influential parameter, 
e.g. the at-rest lateral earth pressure coefficient, vary. The maximum injection pressure varies between 1 and 2 times 
the initial pressure. The ratio between horizontal and vertical stresses varies between 0.6 and 1.2. We assume the 
filling material permeability to be equal to the reservoir permeability. The friction angle of the joint elements is 
equal to 30°. In the range of values chosen to carry out the series of simulations, the Mohr-Coulomb failure criterion 
is never reached, neither during the injection nor after the injection. 
5. Conclusion 
The hydromechanical behaviour of a fault running across a reservoir during a CO2 injection scenario has been 
modelled and the influence of some of the model parameters on the fracture response has been studied. A fast 
sensibility study allows to show that the parameters which have the most influence on the flow along the fault are 
the filling material permeability as well as, in a lower extent, the reservoir permeability, the joint elements 
permeability and the initial opening of the joint elements. The parameters which have the greatest influence on the 
Mohr-Coulomb failure criterion and hence, possible fault reactivation, are the at-rest lateral earth pressure 
coefficient, the friction angle of the joint elements, as well as, in a lower extent, the rock density and the normal 
stiffness of the joint elements. When the friction angle is low or when the injection pressure increases, we notice that 
a fault reactivation becomes possible. No fault reactivation is observed by making the at-rest lateral earth pressure 
coefficient vary, for the set of considered parameters. 
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